ABSTRACT The millimeter wave (mmWave) frequency band will become a key enabler for future wireless systems currently facing the explosive growth of data traffic and the sparsity of the traditional ultra-high frequency (UHF) band. Nevertheless, the challenges for mmWave communications lie in high propagation loss, sensitivity to blockage, high cost for equipping directional antennas, and so on. Furthermore, the traditional design for the UHF networks cannot be directly used for future mmWave networks, which needs to be reshaped from the perspectives of fundamental objectives, various constraints, and different degrees of freedom. This paper addresses the key functions and discusses the challenges for PHY layer and MAC layer design in mmWave small-cell networks, including mmWave antenna design, beamforming, initial access, radio resource allocation, power allocation, and so on. The novel resource management approach for the joint PHY-MAC layer design is proposed to find the trade-off among hardware cost of the mmWave antenna, beamforming overhead, and efficiency of the new resource block (RB) allocation in beam-frequency-time (B-T-F)-dimension.
I. INTRODUCTION
The mmWave frequency band due to its large available bandwidth is considered as a key enabler for the fifth generation (5G) network and beyond 5G (B5G) network to provide the much needed new spectrum opportunities to address challenges such as the exponential growth in traffic, massive connectivity of massive number of diverse devices and enhanced data rate requirements [1] , [2] . Several characteristics of mmWave communication [3] , such as short wavelength, shorter coverage range, sensitivity to blockage, high penetration loss, require highly directional transmissions in order to overcome the propagation defects, and to provide better coverage with enhanced capacity. The integration of mmWave networks along with traditional cellular infrastructure can be utilized for realizing enhanced Mobile Broadband (eMBB),
The associate editor coordinating the review of this manuscript and approving it for publication was Ning Zhang. ultra-reliable low latency communication (URLLC) and massive Machine Type Communications (mMTC) in order to satisfy the application specific key performance indicators (KPIs) [4] .
Recently, both academia and industry have focused their attentions on tackling resource management issues in the mmWave networks [5] - [12] from the perspective of MAC layer design. Comprehensive surveys can be found in [5] , and the authors have outlined the impact of directionality issues in mmWave networks on the design of an efficient medium access control (MAC) layer issues, such as control channel architecture, mobility management, resource allocation and interference management, as well as suggesting the initial beam training and association as a pressing future topic. The mixture of mmWave and UHF band will be an option to compromise for high cost of hardware implementation and the other physical defects incorporating short coverage range, blockage issue in mmWave communications. In this trend, the authors in [8] have investigated the energy-efficient resource allocation in a two-tier massive MIMO heterogeneous network (HetNet) with wireless backhaul, wherein the small cells adopt mmWave frequency band and the macrocells operate at the sub-6 GHz frequency band. In order to reduce the hardware cost and the energy consumption at the macro-cells, a hybrid analog/digital precoding scheme has been investigated for the fully connected and subarray structures. In [9] , a D2D-enabled hybrid cellular network compromising of UHF macro-cells coexisting with mmWave small cells in the downlink transmission scheme has been proposed to maximize the EE, subject to a minimum qualityof-service (QoS) level for the D2D pairs. A novel framework has been proposed in [10] to optimize both the transmission and reception beamwidths of the vehicle pairs by utilizing the channel state information (CSI) and queue state information.
Nevertheless, the current literatures have hardly investigated resource management problem from the perspective of PHY layer design. In order to tackle the different propagation characteristics and hardware requirements, pencil beams can be employed in mmWave networks, resulting in more complicated mobility management and handover procedures. This demands a paradigm shift from the traditional networkcentric to the user-centric design approach. On one hand, narrow beamwidths can result in an increased beam searching duration causing an alignment overhead which is a function of the transmission and reception beamwidths. On the other hand, narrow pencil beams can result in significant spatial gains due to a large number of concurrent transmissions (high spectral efficiency) and therefore affect the optimal resource allocation decision [6] , [7] . However, narrow beams will pose big challenges to mmWave antenna design and PHY layer design such as beamforming techniques. The antenna design for mmWave networks depends on various communication scenarios and applications, and antenna arrays with steering capability can be used to avoid signal blockage in complex environments and, thus will be a promising candidate for mmWave small-cell networks [13] . Furthermore, different mmWave antenna configurations is related to the design of beamforming, including digital, analog, and hybrid ones, which directly affect MAC layer resource management in mmWave networks [14] .
Against the above background, a key enabler of future 5G/B5G should be motivated to investigate the resource management for mmWave small-cell networks from the perspective of joint PHY and MAC layer design.
II. KEY PHY LAYER DESIGNS FOR MMWAVE-SC NETWORKS
To realize the mmWave small-cell (mmWave-SC) networks, the key challenge in PHY layer lies in designing promising beamforming techniques with reasonable implementation complexity, which is directly related to mmWave antenna design.
A. mmWAVE ANTENNA DESIGN
The antenna requirements vary depending on different communication scenarios and applications. In general, for mmWave communications, directional antennas should be designed by considering high path loss due to signal spreading, atmospheric gases and signal blockage [15] . By utilizing multiple antenna elements, arraying technique can significantly increase the antenna directivity and, thereby achieving high antenna gain [15] . Furthermore, antenna arrays with steering capability have the capability of avoiding signal blockage in complex environments such as urban areas in future mmWave-SC networks. Nevertheless, the mast sway due to wind can be a critical issue as it causes difficulties in beam alignment [13] and, hence, the antenna steering capability in two dimensions (i.e. azimuth and elevation) can be employed to compensate for small movements of masts.
There are two main types of beam steerable antennas: phased array antennas, and switched beam antennas. A phased array antenna is comprised of multiple radiating elements, and it can provide continuous beam steering by applying progressive phase shift using RF phase shifters connecting radiating elements. However, the number of phase shifters increases with the number of phased array elements, which causes the exponential increase of system complexity. By contrast, switched beam antenna can form discrete and fixed beam pattern. A typical switched beam antenna, namely integrated Lens Antenna (ILA) array, is composed of feed antenna array located at the back of lens, and by activating a single antenna element a beam can be formed in a direction that depends on the location of the activated antenna element. Recently, the beam steerable ILA systems have been proposed in [16] and [13] for E-band mmWave access and backhaul networks. It is noted that, the lens antenna requires a larger feed antenna array as the steering range increases. Further, the magnitude of antenna steering range, gain, and beamwidth mainly depends on specific application and scenario. Different mmWave antennas for various frequency bands are compared in Table 1 , in which the key parameters are provided. In the table, we note that, [17] has suggested the phased array antenna with wideband dipole antenna for 5G applications.
1) SCANNING RANGE
European Union (EU) funded MiWEBA and MiWaveS projects have proposed the usage models for both access and backhaul communications, and have suggested that a wide scanning range is required for both aforementioned applications to provide service to all users and to maintain link quality. According to MiWaveS project, for access applications 360 degree coverage is required which can be achieved by dividing the azimuth plane into 4-6 sectors. In this case, the antenna azimuth steering range for each sector is required to cover ±30 • to ±60 • and up to 80 • elevation coverage which can also vary depending on the antenna height and communication range. Furthermore, in [13] it has been reported that ± 45 • and ± 30 • steering range in azimuth (Az) and elevation for backhaul applications are required.
2) ANTENNA ARRAY GAIN
The antenna array gain and directivity can be increased by employing a large number of elements. However, the required gain mainly depends on communication range and maximum scan angle. The gain of phased array antenna drops as cos(θ s ) ( where θ s = steer angle) decreases. In the case where the antenna scanning range is wide, the gain drop can be very significant at the maximum scanning angle. Hence, an antenna with high gain at boresight is required to compensate for the undesirable scan loss. The antenna gain requirements at receiver (RX) can also vary depending on the transmitter (TX) power. For instance, in WiGig communication systems, the TX power is as low as 10dBm which necessitates the use of a very high gain antenna at RX to build a reliable link. It is reasonable to increase the TX power up to 25dB to avoid high heat dissipation and power consumption and set the RX antenna gain in the range of 25-30dBi to construct a high quality link. As mentioned one of the techniques to increase the antenna array gain is to combine different antenna structures. In [16] an ILA is combined with a 2 × 8 phased array module to increase the gain to 29dBi. Further, subarraying is a technique that can increase the antenna gain by grouping several antenna elements to form a single element. By using subarraying technique the antenna aperture essentially increases, and a similar approach has been proposed in [16] .
B. CHALLENGES FOR BEAMFORMING TECHNIQUES
Beamforming is a classical array signal processing technique in PHY layer to enable directional transmission in future mmWave networks. According to different antenna architectures, beamforming technique can be categorized as 1) digital beamforming, 2) analog beamforming, and 3) hybrid beamforming. As known, digital one has been widely used in UHF communications, since it can exploit a high degree of freedom in terms of baseband processing. However, digital beamforming may not be a promising candidate for mmWave communications due to the fact that, it requires dedicated radio frequency (RF) chain for each array element, which thereby resulting in high cost, massive implementation complexity, as well as energy inefficiency.
By contrast, analog beamforming is a feasible solution to future mmWave communications, since it minimizes hardware cost in which a single RF chain is coupled to all array elements, although a performance degradation comes as a sacrifice [14] . In addition, with the aid of low resolution analog-to-digital converter (ADC), analog beamforming may significantly relieve the big burden on channel estimation for mmWave-SC networks, especially when the density of small-cell BSs (SBSs) is relatively high. Despite the above advantages, analog beamforming performance could be upper bounded by its inherent architecture limitations, which does not exploit high spatial degree of freedom. Motivated to find a balance between performance and complexity, hybrid beamforming emerges as an another popular option for mmWave networks [14] . By blending the concepts of digital beamforming and analog one, it employs multiple RF chains of each connecting to a subset of element array. There are two types of analog beamforming: 1) fully-connected, 2) subconnected, according to the number of phase shifters available. So far, a lot studies are still carrying on for designing hybrid beamforming, in which the challenges lie in: 1) what the best antenna structure, 2) how to find the best tradeoff between implementation complexity and spatial diversity exploited, 3) how to find the balance between analog signal processing and digital one, 4) how to acquire useful and accurate channel information for designing high performance beamformer.
III. KEY MAC LAYER DESIGNS FOR MMWAVE-SC NETWORKS
The directional transmission of mmWave communication is heavily affected by high penetration and path losses, which cannot be effectively compensated with the aid of power control strategies. The mmWave networks have different notions of cell coverage in contrast to the traditional cellular networks due to the blockages, which makes the MAC design of mmWave network quite challenging. Further, the beam steering and misalignment issues in mmWave communications will also complicate the establishment of communication link, which directly affects the resource management in spatial dimension. Therefore, the aforementioned challenges severely impact the design of MAC layer schemes in mmWave networks.
A. INITIAL ACCESS
Initial access is fundamental for MAC layer design in future mmWave small-cell networks, and the objective of the initial access design [5] is to enable the connection establishment between UEs and mmWave BSs by allowing both of them to find their aligned beamforming directions with beamwidth of 2π M t . The complete initial access design procedure can be categorized into cell search and random access mechanisms. In the cell search phase, the mmWave SBSs broadcast the synchronization signals on the M c w transmit beamforming directions whereas the UEs detect the synchronization signals on the M c u receive beamforming directions. Upon the successful completion of the cell search phase, a UE will select the best mmWave SBS beam direction. In the random access mechanism, a UE tries to establish a connection with its selected mmWave SBS by sending a random access preamble signal. The mmWave SBS can only detect its associated UE if there is no random access preamble signal collision with other UEs and the received signal strength is above the threshold limit. In short, the semi-directional or fullydirectional mmWave is considered as a reasonable option for synchronization and initial cell search procedure.
The time consumed (or delay) to complete both the cell search or the random access procedure depends on the number of transmit and receive beamforming directions at mmWave SBSs and UEs. On this aforementioned intuition, the initial access design can be tuned depending on whether they require fast cell search or random access mechanism with omni-directional or multi-directional transmit/receive beamforming directions at both the mmWave SBSs or the UEs [5] and, in general, there are four different initial access schemes [5] for mmWave networks. In the baseline scheme, both mmWave SBSs and UEs search through all possible beamforming directions in the cell search phase, whereas UEs transmit signals omni-directionally and mmWave SBSs search through all the possible beamforming directions in random access phase. In general, the baseline scheme is admitted as a preferred option for future network due to the low-complexity implementation at the UE side. In the fast random access scheme, the transmit and receive beamforming directions of both mmWave SBSs and UEs, respectively, are omni-directional. In the fast cell search scheme, mmWave SBSs reduce the transmit beamforming directions by increasing the beamwidths which should be greater than the receive beamforming directions at UEs and less than its total possible transmit beamforming directions. Finally, in the omni-directional receiver scheme, both UEs (during the cell search phase) and mmWave SBSs (during the random access phase) can receive omni-directionally.
B. RESOURCE MANAGEMENT
Resource management is crucial to the MAC layer design in future mmWave-SC networks, and it will be much more challenging compared to traditional UHF networks due to the propagation characteristics of mmWave communications, the new framework of three-dimension RB, the diverse services required by UEs, etc.
1) FRAMEWORK OF THREE DIMENSION RB
In traditional wireless cellular networks, BSs communicate with UEs via omni-directional links, where the RB is defined in frequency-time (F-T) dimension. By contrast, future mmWave networks suppose to be directional communications with the aid of beamforming technique supported by a cluster of antenna elements. Theoretically, all available T-F-dimension RBs can be fully reused on spatial dimension with the existence of narrow beams. As a result, the spatial division gain can be obtained by introducing a new framework of RB, defined in B-F-T-dimension, which will significantly complicate the resource management.
Without of generality, in Fig. 1a , we illustrate the new framework of B-T-F-dimension RB for future mmWave networks. In contrast to the RB in traditional networks such as LTE/LTE-A, the new beam dimension will be introduced to the RB for mmWave networks for achieving spatial division gain. Further, the new RBs may be defined to have different sizes due to the fact that, future wireless systems will support various types of services. For the case in 5G/B5G, the RBs are virtually sliced in F-dimension (i.e. available spectrum) with the aid of network slicing (NS) technique. For example, in Fig. 1a , two types of services are considered: eMBB and mMTC, which are accommodated on different frequency bands, i.e. NS 1 and NS 2, respectively. Note that, eMBB UEs can use the RBs on NS 1 only, while the RBs on NS 2 will be available for mMTC UEs. Assume that, the network slicing is completed before RB allocation in MAC layer. Specifically, the interplay between network slicing and resource management will be an interesting research direction.
2) FUNDAMENTALS OF RB ALLOCATION AND POWER ALLOCATION
Intelligent management of the B-T-F-dimension RBs will be a key MAC layer function in future mmWave networks, and it is directly affected by the beamforming technique employed in PHY layer. As mentioned before, when considering implementation complexity and hardware cost, the hybrid beamforming and analog beamforming could be promising candidates for PHY layer design of mmWave networks. Theoretically speaking, as the number of RF chains for a mmWave antenna increases, more number of beams can be concurrently enabled to boost higher area spectral efficiency of the networks. However, there is always a trade-off among hardware cost of antenna, achievable spectral efficiency, and complexity of resource allocation.
By exploiting the new dimension of beam, the BS is able to cluster different number of UEs (which are co-located and have the similar channel statistics) into one group in order to efficiently utilize radio resources. Within a group, the UEs will be served by the same transmit beam having the same beamforming vector (or beam pattern), and can reuse the available F-T-dimension resources. The UE grouping may be reformed after a period of time when a meaningful change in the covariance matrix of channels. Without loss of generality, shown by Fig. 1b , three different scenarios are considered, in which different number of UEs with different services are formed into a group with the dedicated transmit beam. For scenario 1, the RBs in F-T-dimension are available for both eMBB and mMTC UEs grouped together. By contrast, in scenarios 2 and 3, each group of UEs can only exploit the RBs on the specified NS with a part of frequency bands assigned. Compared to scenarios 1 and 2, scenario 3 can support more number of UEs owing to a wider beam employed. In addition, compared to scenarios 2 and 3, scenario 1 is able to achieve better selection diversity in terms of service level. Therefore, how to exploit the spatial division gain in mmWave networks is directly related to UE grouping, which should be dictated by the factors: 1) Number of concurrent beams initiated by an antenna (i.e number of RF chains available); 2) Beamwidth of mmWave antenna; 3) Number of co-located UEs.
For RB allocation in mmWave networks, there is always a trade-off between employing semi-and fully-directional transmission. Compared to a semi-directional one, a fullydirectional transmission can obtain a higher spatial division gain, and can achieve a higher spectral efficiency, since a transmit beam accommodates less number of UEs simultaneously. Whereas, a fully-directional structure demands more hardware cost at UE side, and requires a higher energy consuming. In addition, transmit power allocation for MAC layer design in future mmWave networks should be optimized to satisfy various service requirements, while addressing the trade-off between spectral efficiency and energy efficiency. Furthermore, as the densification of BS deployment, a mmWave network could migrate from noise-limited to interference-limited, in which case the power allocation may play an important role in mitigating strong interference. Therefore, it will be interesting and challenging to investigate the interplay among RB allocation, power allocation and inter-cell interference mitigation.
C. CHALLENGES FOR JOINT PHY-MAC LAYER RESOURCE MANAGEMENT
Due to directional communication, the achievable rate performance of a mmWave link decreases with the increase of beam alignment overhead and beamwidth, as clearly outlined in [10, Eq. (5)], which will have a significant interplay between MAC layer resource management and PHY layer beamforming including antenna setup. Therefore, it is urgent and important to investigate the joint PHY-MAC layer resource management for future mmWave networks.
Nevertheless, there still exist the following main challenges, which need to be addressed when designing the jointlayer resource management for mmWave networks.
• How to find the trade-off among hardware cost of mmWave antenna setup, signal processing overhead, and spatial diversity exploited by RB allocation.
• How to minimize the burden for acquiring channel state information required by beamforming in PHY layer, as well as resource management in MAC layer.
• How to properly formulate the optimization problem, taking into account different PHY and MAC layer design factors. In addition, how to efficiently solve the complicated multi-objective problem without loss of practicability.
IV. CASE STUDY FOR CROSS-LAYER RESOURCE MANAGEMENT IN MMWAVE-SC NETWORKS
In this section, let us employ a case study to investigate the Joint PHY-MAC layer resource management.
A. SYSTEM SETUP AND PROBLEM ANALYSIS
As a pioneer work, we elaborate on the downlink transmission in the mmWave-SC network consisting of a cluster of mmWave SBSs, each of which is associated with a group of UEs demanding eMBB and/or mMTC services. For theoretical study, we use the mmWave antenna beamwidths (for SBS and UE) to characterize the antenna design/setup as well as to configure the beamforming at the PHY layer. In general, a narrower beam can achieve higher antenna gain with the aid of beamforming technique, but it requires much more complicated hardware structure and exponentially increases the beam training and tracking overhead, resulting in a smaller angle of coverage per transmit beam. For the case study, the resource management can be designed by jointly allocating the resources in MAC layer, as well as optimizing the beamwidth of mmWave antenna. The optimization problem can be expressed as
Let us first define: 1) K e and K m contain the indexes of eMBB UEs and those for mMTC UEs; 2) N e and N m include the indexes of sub-bands for eMBB and mMTC services; 3) M and V include the indexes of beam, and those of TSs available. For the network considered, problem (1) is formulated as a multi-objective problem, with the objective functions in (1a) motivating to maximize the sum rate of eMBB UEs as well as to maximize the number of active mMTC UEs. Our resource management problem requires to jointly optimize Tx and Rx antenna beamwidths = {θ tx , θ rx }, beam assignment B = {b j , ∀j ∈ M}, beam scheduling T = {T l , ∀l ∈ V}, sub-band allocation F = {F u , ∀u ∈ N e ∪ N m }, and power allocation P = {P i , ∀i ∈ K e ∪ K m }. Apparently, the problem formulated in (1) is a mixed integer nonlinear multi-objective problem, which is extremely difficult to solve. Overall, the design of joint PHY-MAC layer resource management for mmWave-SC network is extremely challenging, due to that, the emergence of new three-dimension RB, the various types of services, as well as the interplay among antenna setup, PHY layer design, and MAC layer design.
B. PROPOSED JOINT PHY-MAC LAYER RESOURCE MANAGEMENT SCHEME
To tackle the problem of (1), we propose an efficient low-complexity joint layer resource management scheme. To validate the performance of the proposed scheme, the numerical results are evaluated for the resource management in the mmWave-SC network conceived, in which a typical mmWave SBS surrounded by six neighboring mmWave SBSs. Furthermore, assume that, both SBS and UE employ the phased array based mmWave antenna and use the analog beamforming, which is practical for implementation. The baseline approach is applied to initial access. The other key parameters are summarized in Table 2 .
The proposed scheme motivates to find a sub-optimal solution to problem (1), while optimizing the best tradeoff between the network throughput, diverse service requirements and implementation complexity. Without loss of generality, problem (1) can be approximately solved by maximizing the network throughput, while constraining all eMBB UEs are active. In particular, the proposed scheme consists of the smart beam optimization (SBO) algorithm, the candidate beam assignment and scheduling algorithm (CBAS), the modified deferred acceptance assisted subband allocation (mDASA) algorithm, and the optimal power allocation.
1) ANTENNA SETUP AND PHY LAYER DESIGN: SMART BEAMWIDTH OPTIMIZATION (SBO)
The SBO algorithm, belonging to PHY layer design, aims to optimize the SBS and UE beamwidths by finding the best trade-off among effective antenna gain, implementation complexity and cost incurred. In the mmWave-SC networks, the SBO algorithm can jointly work with resource allocation algorithms in MAC layer.
Let us first investigate how the network throughput of the mmWave-SC network is affected by setting up different antenna beamwidths in Fig. 2a . The results 1 show that, by configuring SBS and UE antenna beamwidths the optimum throughput performance can be achieved at the best trade-off between the achievable antenna gain and the beam alignment overhead. In particular, when setting up a wider UE antenna beamwidth, a narrower SBS antenna beamwidth is desired for the optimum throughput. Furthermore, the performance is degraded sharply on the left-side of the optimum points, since the beam alignment overhead will be exponentially increased as Tx antenna beamwidth becomes relatively small. Note that, the above observations stay the same regardless of the resource allocation scheme employed.
Motivated by the observations in Fig. 2a , the SBO algorithm aiming to maximize the network throughput can be designed as follows. For simplicity, the SBO algorithm is designed to select the optimum value of SBS antenna beamwidth (which is similar for that of UE antenna beamwidth). Assume that, there is only a set (may be limited by hardware implementation) containing the beamwidths available for the SBS antenna. First, it identifies beamwidth value θ 1 for achieving the optimum throughput. Second, it finds beamwidth value θ 2 which corresponds to the maximum beam alignment overhead allowed. Third, it chooses the best θ * (∈ ), which should satisfy: 1) the alignment overhead requirement, 2) being nearest to θ 1 . Validated by Fig. 2b , the SBO can significantly outperform the average 1 It employs the max-min approach based RB allocation scheme, in which the transmit power is optimized as given in Section IV-B.4. 
2) RB ALLOCATION IN B-T-DIMENSION: CANDIDATE BASED BEAM ASSIGNMENT AND SCHEDULING (CBAS)
The RB allocation in the mmWave-SC networks is extremely challenging, since the MINLP problem has the threedimensional integer variables coupling with each other. Hence, our RB allocation algorithm motivates to find the best trade-off between throughput maximization and implementation complexity minimization. For this sake, the proposed CBAS algorithm first allocates the RB in B-T-dimension, then the mDASA algorithm allocates the RB in F-dimension.
In particular, the CBAS algorithm consists of two phases, including 1) beam assignment: RB allocation in B-dimension, 2) beam scheduling: RB allocation in T-dimension, and the principles are described by Fig. 3 . As known, after initial access, the SBS has the information about the numbers of active beams and available TSs. In the first phase, it first tries to assign the best beam to each UE. Then, the CBAS checks if there are enough TSs to accommodate active beams. If not, it identifies and de-activates the beam with the minimum η em j (the ratio of number of eMBB UEs to that of mMTC UEs on beam j). Then, it re-assigns the other best active beam. In the beam scheduling phase, it allocates beams to different TSs. First, shown by Fig. 3 , it calculates the number of TSs for each beam according to the number of eMBB UEs on the beam. Meanwhile, it should guarantee each beam can be scheduled at least in one TS. Second, the eMBB UEs are identified as candidates if their channel qualities exceed the pre-setup threshold. Third, the utilities for each beam on all TSs are computed as the number of the candidates identified. Finally, the active beams are scheduled according to the utilities and the number of TSs available.
As described above, the CBAS algorithm is very easy to implement, and it motivates to maximize the network throughput performance by assigning eMBB UEs RBs as many as possible, while guaranteeing all the mMTC UEs activated for communication. Further, the algorithm demands very few CSI that can minimize the burden on feedback channel, due to the fact that, the candidate search is the only process that requires CSI, which is for the eMBB UEs on the specified beams.
3) RB ALLOCATION IN F-DIMENSION: MODIFIED DEFERRED ACCEPTANCE ASSISTED SUB-BAND ALLOCATION (MDASA)
After operating the SBO and CBAS, it needs to carry out RB allocation in F-dimension. With the aid of network slicing, spectrum will be virtually divided into different slices, each of which has a cluster of sub-bands to accommodate a certain service. In our considered mmWave-SC networks, there are two network slices corresponding to the eMBB and mMTC services. Note that, sub-band allocation should be independently implemented on different network slices. Nevertheless, the sub-band allocation is still a MINLP problem after decoupling from variables , B and T . Hence, we leverage the framework of many-to-one matching without externalities to tackle the sub-band allocation problem. In particular, we model sub-band as ''many side'' while UE as ''one side''. To avoid intra-cell interference, each sub-band can be used once, while a UE may be assigned multiple sub-bands. Specifically, we utilize the principle of the deferred acceptance algorithm, thereby proposing the modified deferred acceptance assisted sub-band allocation (mDASA).
The mDASA algorithm first computes ''quota'', i.e. the number of sub-bands for each UE. With the knowledge of quota information, the algorithm performs the iterative allocation process. The principles of the mDASA are given as follows.
S. 1 Compute quota q k for each eMBB UE k: mapping from ratio for no. of candidates that the UE has. In addition, the quota calculation guarantees: ; Update preference lists {PL SB n } of rejected sub-bands by removing the UEs who rejects them; S. 6 Go back to Step 3 if A unmatch = ∅; Our mDASA algorithm has the following advantages over the conventional deferred acceptance algorithm. First, the mDASA finds the quota information, which can strike the balance between spectrum utilization and fairness. Second, the mDASA minimizes the feedback burden due to the fact that, the BS only requires a small amount of channel information. Once the beam scheduling is performed, it only requires the channel information for one dimension RB. Third, the mDASA algorithm converges within max{|K e |, |K m |} number of iterations, which significantly reduces implementation complexity. Last, the algorithm is independently operated by SBSs, where sub-band side virtually communicates with UE side.
The performance of the proposed RB allocation algorithms is evaluated in Fig. 4 . In the figure, the proposed CBAS and mDASA algorithms can achieve at least 100% throughput gain over the existing algorithms, upon maximizing the number of active mMTC UEs. With the aid of network slicing technique, different services are accommodated on different spectrum with different sub-band sizes. In Fig. 4a , the throughput performance is investigated with different network slicing results. The network throughput performance can be significantly enhanced by assigning relative large portion of spectrum to eMBB UEs with the aid of the proposed CBAS plus mDASA algorithms. However, Since the total transmit power is limited, increasing ratio η em , i.e. increasing spectrum for eMBB, will not always monotonically improve the network throughput. This observation suggests that the network slicing technique for mmWave-SC networks should be designed by addressing the trade-off between spectrum and energy efficiency. In Fig. 4b , it compares the performance of the RB allocation schemes when different number of UEs is considered. By employing the proposed schemes, the network throughput significantly increases as |K e | becomes bigger, which is due to the facts: 1) selection diversity in B-T-dimension achieved by the CBAS; 2) selection diversity in F-dimension exploited by the mDASA.
4) POWER ALLOCATION AND INTERFERENCE EFFECT
The power allocation is finally carried out based on the results of the antenna beamwidth optimization and RB allocation. Clearly, the single-objective version of problem (2) now becomes a concave problem, for which there exists the transmit power variables only. For this sake, we propose the power allocation algorithm as follows. First, it allocates each mMTC UE the minimum transmit power that can meet the minimum rate requirement. Suppose that, the transmit power for mMTC service is P m . As a result, the convexity of the optimization problem for power allocation still holds for eMBB UEs. Then, we apply the interior point approach to find the optimal power allocation with the residual transmit power P max − P m .
Let us now investigate interference effect on the mmWave networks. Note that, there is no intra-cell interference due to the orthogonality of RB allocation. In Fig. 5 , it shows how the throughput performance of the mmWave network is degraded by the inter-cell interference. As the ISD decreases, the network throughput may be significantly degraded. Regard- less of resource management employed, the network will migrate from noise-limited to interference-limited as ISD≤ 0.2km. Specifically, there exists up to 30% performance loss for ISD= 0.05km compared to the noise-limited scenario for ISD≥ 0.3km. In the simulation, the number of neighboring SBSs is fixed to six. Hence, as the network densifes, the interference will have more severe impact on the network performance.
V. CONCLUSION
Driven by rapid growth of mobile traffic and various types of communication requirements, intelligent resource management technologies have become more and more important in the trend toward the small-cell deployment of mmWave networks in future. In this article, we have discussed the key challenges in designing the PHY layer and MAC layer functions for mmWave networks, including mmWave antenna design, beamforming, initial access, radio resource allocation, power allocation, etc. For tackling the challenges, we have proposed the joint PHY-MAC layer resource management scheme to find the trade-off among hardware cost of mmWave antenna, beamforming overhead, efficiency of the new RB allocation in B-F-T-dimension. The proposed scheme consists of the SBO algorithm for optimizing the SBS and UE antenna beamwidths, the CBAS algorithm for RB allocation in B-T-dimension, the mDASA algorithm for RB allocation in F-dimension, and the optimal power allocation. The numerical results for the case study have proved the efficiency of the proposed resource management scheme over the traditional approach in terms of network throughput. research interests include mmWave communications, artificial intelligence, resource allocation in wireless systems, covert communications, physical layer security, and cooperative communication. VOLUME 7, 2019 
